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Abstract 
The effects of operating parameters on the performance of a prefractionator in solvent fermentation were studied by 
process simulation. Effects of feed position, side stream position and flow rate, overhead reflux rate and cooling 
temperature on the total solvent content in the bottom residue were investigated. These parameters were further 
optimized by response surface analysis according to the principles of central composite design (CCD), with the 
minimization of total solvent content in the bottom residue as the objective. A mathematical model for the correlation 
of total solvent content and operating parameters was established in the optimization, and the optimized results were 
verified by both simulation and experiments. Results showed that the response surface approach is more 
advantageous than single-factor analysis in the optimization of complex distillation columns, and the simulated 
results agreed well with the experimental data. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
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1. Introduction 1
Since the introduction of the first distillation simulator SP05 by SimSci in 1967, process simulation 
software has found wide applications in various industries, such as oil & gas, oil refinery, chemistry, 
chemical engineering, polymer, fine chemicals, pharmaceutics, etc. With the assistance of process 
simulation software, mass balance and energy balance of different chemical engineering processes can be 
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easily calculated. The simulation software is a comprehensive and effective aid for chemical engineering 
design [1]. 
Proposed by Box-Wilson in 1951, response surface analysis (RSM) is a comprehensive approach 
specially designed for the optimization of chemical processes [2, 3]. It is a statistical method to find the 
optimum condition in multivariate systems. In RSM, the simulation process is regarded as a “black box”, 
which makes it simple to combine this approach with stochastic and deterministic simulation problems. 
Thus the applications of RSM in chemical and biological engineering are becoming more and more 
prevalent in recent years [4, 5, 6, 7 ,8, 9, 10]. 
Single-parameter optimization had already been proved effective in improving the efficiency of 
various distillation columns [11, 12, 13]. However, no attempt has been taken on the simultaneous 
optimization of several operating parameters of complex distillation towers. In this work, the effect of 
various operating parameters on the performance of a prefractionator in solvent fermentation, such as 
feed position, side stream position, reflux rate, side stream flow rate and side stream cooling temperature 
were investigated by process simulation. These parameters were then optimized by central composite 
design. Finally, the optimized values of these parameters were verified by experiments. 
The feed of the prefractionator is consisted of 0.6% acetone, 0.2% ethanol, 1.2% butanol, and the 
remaining part is water. The feed flow rate is 50000 kg/h. 
2. Single-factor numerical simulation 
Single-factor optimization can provide a basis for the comprehensive optimization of multiple 
operating parameters. In the solvent production process, the bottom residue of the prefractionator is 
discharged directly without any treatment, and the solvent content in the bottom residue should be as low 
as possible. Therefore, minimization of the solvent content in the bottom residue was set as the objective 
in this work. The number of theoretical plates is 40, as determined from the equipment parameters and 
operating data from the plant. The theoretical plates were numbered from the top to the bottom. The effect 
of various operating parameters, such as feed position, side stream position, reflux rate, side stream flow 
rate and side stream cooling temperature were investigated by process simulation. 
2.1 Effect of feed position.
The effect of feed position on the solvent content of the bottom residue is shown in Fig. 1, where the 
number of theoretical plates is 40, side stream position is the 10th theoretical plate, side stream flow is 
3000 kg/h, cooling temperature of the side stream is 50℃, the feed flow is 50000 kg/h and the overhead 
reflux rate is 9000 kg/h. It can be seen from Fig. 1 that the total solvent content of the bottom residue first 
decreased and then increased with the increase of the feed plate position. 
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Fig.1. Influence of the feed station                                    Fig.2. Influence of the station of side out 
2.2 Effect of side stream position. 
 The effect of side stream position on the solvent content of the bottom residue is shown in Fig. 2, 
where the number of theoretical plates is 40, feed position is the 19th theoretical plate, side stream flow is 
3000 kg/h, cooling temperature of the side stream is 50℃, the feed flow is 50000 kg/h and the overhead 
reflux rate is 9000 kg/h. It can be seen from Fig. 2 that the total solvent content of the bottom residue 
generally increases with the increase of side stream position. There is a steep increase of solvent content 
with side stream position above Plate 16, while the changes below Plate 16 are not so significant. The 
solvent content is almost constant between Plate 8 to 12. This phenomenon can be attributed to the 
influence of the feed position. Therefore, the side stream should be located above the feed plate. 
2.3 Effect of side stream flow rate. 
The effect of side stream flow rate on the solvent content of the bottom residue is shown in Fig. 3, 
where the number of theoretical plates is 40, feed position is the 19th theoretical plate, side stream 
position is the 10th theoretical plate, cooling temperature for the side stream is 50℃, the feed flow is 
50000 kg/h and the overhead reflux rate is 9000 kg/h. It can be seen from Fig. 3 that the total solvent 
content of the bottom residue decreases with the increase of side stream flow. 
2.4 Effect of overhead reflux rate. 
The effect of overhead reflux rate on the solvent content of the bottom residue is shown in Fig. 4, where 
the number of theoretical plates is 40, feed position is the 19th theoretical plate, side stream position is the 
10th theoretical plate, the side stream flow is 3000 kg/h, the feed flow is 50000 kg/h, and the cooling 
temperature of the side stream is 50. It can be seen from Fig. 4 that the total solvent content of the bottom 
residue increases with the reflux rate. 
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Fig.3. Influence of the flux of side out ;Fig.4. Influence of reflux 
2.5 Effect of cooling temperature for the side stream.  
The effect of cooling temperature for the side stream on the solvent content of the bottom residue is 
shown in Fig. 5, where the number of theoretical plates is 40, feed position is the 19th theoretical plate, 
side stream position is the 10th theoretical plate, the side stream flow is 3000 kg/h, the feed flow is 50000 
kg/h, and overhead reflux rate is 9000 kg/h. It can be seen from Fig. 5 that the total solvent content of the 
bottom residue increases with the increase of the cooling temperature. 
Fig.5. Influence of cooling temperature of side out 
3. Response surface optimization 
3.1 Determination of variables and levels. 
The variables and levels of this optimization problem is determined according to the principles of 
central composite design and the results of the single-factor simulation. The feed position, side stream 
position, side stream flow rate, reflux rate and cooling temperature of the side stream are coded by X1, 
X2, X3, X4 and X5, respectively. The ranges of these variables are determined according to the 
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simulation results in Section 2. For each variable, five coding levels are established (see Table 1). The 
total solvent content of the bottom residue is set as the response.
Table 1 Variables and their levels for CCD 
Variables 
Symbols  Levels 
Uncoded Coded -2 -1 0 1 2 
Feed position x1 X1 13 16 19 22 25 
Side stream position x2 X2 4 7 10 13 16 
Side stream flow rate x3 X3 2000 2500 3000 3500 4000 
Overhead reflux rate x4 X4 8000 8500 9000 9500 10000 
Cooling temperature for the side stream x5 X5 30 40 50 60 70 
Table 2 CCD variable matrix and simulated values of total solvent content in the bottom residue 
Run 
Variables 
Run 
Variables 
X1 X2 X3 X4 X5 Y       
1 0 2 0 0 0 0.015 17 2 0 0 0 0 0.0127 
2 0 0 0 0 0 0.00965 18 1 -1 -1 1 1 0.0081 
3 -1 1 1 1 -1 0.007 19 0 0 0 0 0 0.00964 
4 1 -1 1 1 -1 0.0057 20 0 0 0 0 2 0.0116 
5 -1 -1 1 -1 -1 0.0116 21 -1 -1 1 1 1 0.005 
6 -1 -1 -1 1 -1 0.005 22 0 0 0 0 -2 0.0078 
7 -1 1 -1 -1 -1 0.0133 23 1 -1 -1 -1 -1 0.016 
8 1 -1 1 -1 1 0.016 24 -1 1 -1 1 1 0.009 
9 -1 -1 -1 -1 1 0.0149 25 1 1 -1 1 -1 0.0072 
10 0 -2 0 0 0 0.0068 26 1 1 -1 -1 1 0.0182 
11 0 0 0 0 0 0.00964 27 0 0 0 2 0 0.0035 
12 0 0 2 0 0 0.008 28 -2 0 0 0 0 0.0146 
13 0 0 -2 0 0 0.0118 29 0 0 0 0 0 0.00965 
14 -1 1 1 -1 1 0.0253 30 1 1 1 -1 -1 0.0132 
15 0 0 0 0 0 0.0096 31 1 1 1 1 1 0.0072 
16 0 0 0 0 0 0.0096 32 0 0 0 -2 0 0.0225 
3.2 Model fitting and statistical analysis.  
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The simulated data in Table 2 was regressed by Design Expert 7.0, from which the correlation of the 
coded and real values was obtained. The correlation is denoted by a second-order equation (Eq. 1): 
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Where Y is the total solvent content of the bottom residue. The RSM regression results are listed in 
Table 3. From this equation, the optimum operating condition and the maximum response (i.e. minimum 
total solvent content in the bottom residue) at this condition can be obtained. 
Table 3 Results of regression analysis of RSM 
Variable Coefficient Standard error t-value P value Variable Coefficient Standard error t-value P value 
X1 -0.00014 0.000223 0.379615 <0.0001 X2X4 -0.00031 0.000273 1.255449 0.0112 
X2 0.001438 0.000223 41.491 0.1495 X2X5 0.000831 0.000273 9.24933 0.0910 
X3 -0.00035 0.000223 2.401441 <0.0001 X3X4 -0.00051 0.000273 3.430655 0.1232 
X4 -0.00468 0.000223 439.6178 <0.0001 X3X5 0.000456 0.000273 2.786459 0.0039 
X5 0.001346 0.000223 36.36811 0.0016 X4X5 -0.00099 0.000273 13.21908 0.0008 
X1X2 -0.00113 0.000273 17.13027 0.0081 X1X1 0.000927 0.000202 21.10102 0.2599 
X1X3 -0.00088 0.000273 10.3955 0.3916 X2X2 0.00024 0.000202 1.410873 0.9605 
X1X4 0.000244 0.000273 0.79531 0.0448 X3X3 -1E-05 0.000202 0.002567 0.0030 
X1X5 -0.00062 0.000273 5.124806 0.0324 X4X4 0.000765 0.000202 14.35335 0.7710 
X2X3 0.000669 0.000273 5.986522 0.2864 X5X5 -6E-05 0.000202 0.089017 < 0.0001
The three-dimensional response surface plots (Fig. 6) show the effects of two operating parameters on 
the total solvent content of the bottom residue, while the contour plots (Fig. 6) can reflect the nature and 
degree of these effects. As can be seen from Fig. 6, the response surface plots concave downward, 
indicating that it is possible to obtain a minimum value within the range of the levels investigated. 
However, the insignificant degree of concavity has brought difficulties in obtaining the optimum solution. 
The R2 and A value of the regressed equation is 98.27% and 24.899%, respectively. The A ratio is 
much greater than 4, indicating that the regressed equation fits well with the data. It can also be seen that 
the feed position X1, side stream flow rate X3 and reflux rate X4 have significant influences on the 
solvent content of the bottom residue. This is consistent with the traditional theories of distillation 
operation. 
3.3 Estimation of the minimum value from the response surface model.  
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The equation above (Eq. 1) was solved by Matlab, and the values of X1 to X5 are -1.2251, -1.9712, 
1.6875, 1.8315 and -1.1202, respectively. According to this result, the optimum operating parameters for 
40 theoretical plates are: feeding position at the 15th theoretical plate, side stream position at the 4th 
theoretical plate, side stream flow rate 3844 kg/h, overhead reflux 9916 kg/h, and side stream cooling 
temperature 38.8℃. The minimum total solvent content is 0.001 kg/h by simulation. 
The optimum conditions were verified experimentally in a glass column with a diameter of 40mm. A 
feed solution of 0.6% acetone, 0.2% ethanol and 1.2% butanol was prepared. The number of theoretical 
plates of the column is 39, as determined by calibration with a standard system. This number is very close 
to the actual number of theoretical plates in the production process. The solution was fed at the 15th 
theoretical plate, and the operating parameters were set as follows: reflux/feed ratio = 0.1983, side 
stream/feed ratio = 0.07688, side stream at the 4th theoretical plate, cooling temperature of the side 
stream = 39℃. The total solvent content of the bottom residue was determined at the steady operation 
state. The experiment was repeated for three times and the results are shown in Table 4. 
Table 4 Experimental verification of the optimal operating condition. 
Column I.D:40 mm; reflux/feed ratio: 0.1983; side stream/feed ratio: 0.07688; side stream: the 4th 
theoretical plate; cooling temperature for the side stream: 39℃.
4. Conclusions 
a. In this work, the operating parameters to be optimized are selected for their predictability by classic 
distillation theories. For instance, according to the theories of distillation, an increase of reflux ratio will 
lead to a decrease of total solvent content in the bottom residue. Results showed that response surface 
analysis agrees well with both the single-factor simulations and the operational theories of distillation 
column. This shows that the response surface approach is applicable for the optimization of operation 
parameters of complex distillation columns. 
b. The results of response surface analysis are consistent with the experimental data, with only small 
deviations. These deviations can be attributed to the deviation in the numbers of theoretical plates in 
simulation and experiments. The experimental results have further verified the feasibility of response 
surface optimization in distillation processes. 
c. The mathematical model obtained fits well with the effect of the five parameters on the total solvent 
content in the bottom residue. The model can provide effective aid for the operation analysis of the 
column. 
d. The results of this work suggest that the combination of process simulation software and response 
surface analysis is a good approach for the optimization of multiple operating parameters for complex 
distillation columns. It is expected that the response surface optimization approach will further promote 
the development of chemical engineering processes. 
No. of experiment Total solvent content in the bottom residue, % 
1 0.0011 
2 0.0013 
3 0.0011 
578  Honghai Wang et al. / Energy Procedia 16 (2012) 571 – 578
Honghai Wang, Xiaoying Cui, Rongliang Wang, Chunli Li/ Energy Procedia 00 (2011) 000–000 
Acknowledgements 
Supported by Educational Commission of Hebei Province of China(ZH2011242) 
References 
[1] Cota, R., M. Satyro, C. Morris, B. Svrcek, B. Young. Development of an open source chemical process simulator, Palm 
Springs, CA, United states, Int. Assoc. of Science and Technology for Development,2003; 525-530. 
[2] Box G. E.P. and W.K.B. “On the experimental attainment of optimum condition”, Journal of the Royal Statistical Society: 
Series B(13):1~20,1951. 
[3]  Liptakova, D., L. Valik, A. Laukova, V. Strompfova. Characterisation of Lactobacillus rhamnosus VT1 and its effect on 
the growth of Candida maltosa YP1, Czech Journal of Food Sciences,2007; 25(5):272-282. 
[4] Tang, Xing-Jun, Guo-Qing He, Qi-He Chen, Xiu-Yan Zhang, Mokhtar A. M. Ali. “Medium optimization for the production 
of thermal stable [beta]-glucanase by Bacillus subtilis ZJF-1A5 using response surface methodology”, Bioresource Technology, 
2004;93(2): 175-181. 
 [5] Sampaio, Fio Coelho, Danilo De Faveri, Hilario Cuquetto Mantovani, Flia M. Lopes Passos, Patrizia Perego, Attilio 
Converti.“Use of response surface methodology for optimization of xylitol production by the new yeast strain Debaryomyces 
hansenii UFV-170 [J]”, Journal of Food Engineering, 2006;76(3):376-386. 
[6] Chang, Jui-Sheng, Yaw-Bin Huang, Sen-Sen Hou, Ren-Jiunn Wang, Pao-Chu Wu, Yi-Hung Tsai. Formulation optimization 
of meloxicam sodium gel using response surface methodology,International Journal of Pharmaceutics, 2007; 338(1-2): 48-54. 
[7] Liu, C. B., B. Hu, S. L. Chen, R. W. Glass.“Utilization of condensed distillers solubles as nutrient supplement for pro n of
nisin and lactic acid from whey[J]”, Applied Biochemistry and Biotechnology, 2007; 137: 875-884. 
[8] Iyer, P.andR.S. Singhal . “Production of glutaminase (E.C.3.2.1.5) from Zygosaccharomyces rouxii: Statistical optimization 
using response surface methodology”, Bioresource Technology, 2008; 99(10): 4300-4307. 
[9] Mune, Martin Alain, Samuel Ren Minka, Isra Lape Mbome.“Response surface methodology for optimisation of protein 
concentratepreparation from cowpea [Vigna unguiculata (L.) Walp]”, Food Chemistry, 2008; 110(3): 735-741. 
[10] Khattar, J.I.S. and Shailza . “Optimization of Cd2+ removal by the cyanobacterium Synechocystis pevalekii using the 
response surface methodology”, Process Biochemistry,2009;44(1): 118-121. 
[11] Al-Muslim, Husain, Ibrahim Dincer, Syed M. Zubair. “Exergy analysis of single- and two-stage crude oil distillation units”,
Journal of Energy Resources Technology, Transactions of the ASME, 2003;125(3): 199-207. 
[12] Liu, Zhixiang, Zongqiang Mao, Jingming Xu, Natascha Hess-Mohr, Volkmar M. Schmidt. “Operation conditions 
optimization of hydrogen production by propane autothermal reforming for PEMFC application”, Chinese Journal of Chemical 
Engineering, 2006; 14(2): 259-265. 
[13] Wang, C.-H., Q.-L. Chen, B. Hua, Z.-J. Chen.Process simulation and enlarged capacity analysis of main fractionation 
column in delayed coking unit, Huanan Ligong Daxue Xuebao/Journal of South China University of Technology (Natural Science), 
2006;34(12): 110-114. 
